Aims: Fungal diseases are among the main factors limiting high yields of soybean crop. Colletotrichum isolates from soybean plants with anthracnose symptoms were studied from different regions and time periods in Brazil using molecular, morphological and pathogenic analyses. Methods and Results: Bayesian phylogenetic inference of GAPDH, HIS3 and ITS-5.8S rDNA sequences, the morphologies of colony and conidia, and inoculation tests on seeds and seedlings were performed. All isolates clustered only with Colletotrichum truncatum species in three well-separated clusters. Intraspecific genetic diversity revealed 27 distinct haplotypes in 51 fungal isolates; some of which were identical to C. truncatum sequences from other regions around the world, while others were related to alternative hosts. Conidia were falcate, hyaline, unicellular and aseptate, formed in acervuli, with variable dimensions. Despite being pathogenic to seedlings by both inoculation methods, variation was observed in the aggressiveness of the tested isolates, which was not correlated with genetic variation. Conclusion: The identification of C. truncatum in the sampled isolates was evidenced as being the only causal agent of soybean anthracnose in Brazil until 2007, with relevant genetic, morphological and pathogenic variability as well as a broad geographical origin. The wide distribution of the predominant C. truncatum haplotype indicated the existence of a highly efficient mechanism of pathogen dispersal over long distances, reinforcing the role of seeds as the primary source of disease inoculum. Significance and Impact of the Study: The characterization and distribution of Colletotrichum species in soybean-producing regions in Brazil is fundamental for understanding the disease epidemiology and for ensuring effective control strategies against anthracnose.
reported for each 1% increment in the anthracnose incidence in commercial soybean crops in the north of Brazil (Dias et al., 2016) . Symptoms manifest on the stems, pods and leaf petioles as irregularly shaped dark brown spots, which evolve to pod rot, immature opening of pods and, finally, to the premature germination of grains. The most significant damage occurs during the reproductive phase, which includes the twisting and aborting of the pods. Although anthracnose can lead to total crop loss even under favourable weather conditions of high temperature and moisture, more frequently, a reduction in the number of pods, leaf retention and green stem in the field have been observed (Manandhar and Hartman 1999; Almeida et al. 2005) . Infected seeds and crop residues are the initial sources of disease inoculum (Manandhar and Hartman 1999) . Although there are no commercial soybean cultivars fully resistant to anthracnose, some resistant sources have been identified (Manandhar et al. 1988; Khan and Sinclair 1992; Costa et al. 2009 ).
The first occurrence of anthracnose was reported in 1917 in China and, since then, it has been reported in the temperate regions of soybean production (Tiffany 1951) . The disease is mainly associated with the fungal species Colletotrichum truncatum ), which can also infect other crops such as lentils, peas, chickpeas and beans (Weidemann et al. 1988) . This pathogen was first described by Andrus and Moore (1935) and was then classified in the genus Glomerella in its perfect state; it has synonyms such as Vermicularia truncata and Colletotrichum dematium (http://www.indexf ungorum.org). In Brazil, anthracnose was first detected in 1961 in Rio Grande do Sul (EMBRAPA 2008) . Other Colletotrichum species have also been reported as causal agents of diseases in soybean in other countries, such as Colletotrichum coccodes (Riccioni et al. 1998) , Colletotrichum gloeosporioides (Chen et al. 2006; Mahmodi et al. 2013) , Colletotrichum destructivum (Ramos et al. 2013) , Colletotrichum chlorophyti (Hang 2013) and, more recently, Colletotrichum incanum (Yang et al. 2014) .
Traditionally, Colletotrichum sp. has been identified and characterized based on conidia and appressoria morphology (Sutton 1992) . However, with the advances in molecular techniques, these methods alone are not sufficient to provide reliable differentiation between species. Phenotypic variations due to different environmental conditions and overlapping of the phenotypic features among species could hinder fungal identification based on morphology (Cannon et al. 2000 . Therefore, in the last decade, the species concept for the genus Colletotrichum switched from morphological to a phylogenetic approach based on the concordance of multiple gene genealogies. Such an approach has revealed complexes of phylogenetic species among morphological species Weir et al. 2012) , leading to reclassification of causal agents of anthracnose in numerous crops (Huang et al. 2013; Lima et al. 2013; Sharma et al. 2015) . However, the phylogenetic approach for species definition does not always explain the entire biological variation observed in nature, since evolution of life cannot be described with such simplicity as proposed by the current phylogenetic approach. These analyses do not consider, for example, the lateral transfer of genes as a mechanism that can lead to genetic variation, which is a proven phenomenon among living beings (Doolittle 1999) . Moreover, difficulties continue to exist in obtaining and interpreting molecular data as well as in minimizing the chances of misidentification in the sequences deposited in GenBank (Cannon et al. 2000; Cai et al. 2009; Hyde et al. 2009 ). Thus, some authors consider that a cumulative polyphasic approach involving morphological, physiological and pathogenic aspects, in addition to multilocus molecular phylogeny, needs to be applied to correctly identify new Colletotrichum species ).
In Brazil, no study has elucidated anthracnose aetiology in soybeans based on the polyphasic approach. The identification and distribution of Colletotrichum species associated with anthracnose in different soybean-producing regions in Brazil is fundamental to understand the disease epidemiology and to guide integrated control strategies. A better knowledge of the Colletotrichum species associated with soybean anthracnose is essential to ensure success in chemical control and to breed soybeanresistant cultivars as well. Considering the importance of the causal agent of soybean anthracnose as well as the significance of the soybean crop for Brazilian agriculture, this study aimed to investigate species diversity and the morphological, genetic and pathogenic variability in Colletotrichum from a collection of isolates obtained from different soybean-producing regions of Brazil.
Materials and methods

Colletotrichum isolates
We studied 51 Colletotrichum isolates obtained from the leaves, stems and seeds of Brazilian soybean (provided by Embrapa Soja, Londrina, Paran a State, Brazil). The isolates were collected between 1992 and 2007 (Table 1) and were single-spore cultured in Petri dishes containing potato dextrose agar (PDA) medium. Cultures were preserved in filter paper (Alfenas and Mafia 2007) and in sterile distilled water (Castellani 1939 ) and kept at 4°C in the Plant Pathology Department of 'Luiz de Queiroz' College of Agriculture, University of São Paulo. 
DNA sequencing
Colletotrichum isolates were grown in semisynthetic liquid medium under shaking conditions at 4 g for 4 days at room temperature (Alfenas et al. 1998) . Next, the mycelium was dried on sterile filter paper for 24 h. For total genomic DNA extraction, approximately 100 mg of dry mycelium of each isolate was macerated in liquid N 2 and the DNA was extracted using the protocol proposed by Murray and Thompson (1980) . Both the quantity and quality of the DNA samples were measured in a NanoDrop â spectrophotometer (ND-2000; Thermo Scientific, Wilmington, DE) and confirmed by electrophoresis on 1% agarose gel. Amplification reactions were performed for the genomic regions of internally transcribed spacers (ITS-5Á8S (Table 1) . Similarity was checked between the sequences generated in this study and those retrieved at GenBank using BLAST (Basic Local Sequence Alignment Tool) (Altschul et al. 1997) . Sequences were aligned using the software MEGA (Tamura et al. 2007 ) and the Mesquite program was used to concatenate the multiple alignments (Maddison and Maddison 2011) . The nucleotide substitution model was estimated by the program MrModeltest ver. 3Á7 (Nylander 2004 ) using AIC (Akaike information criterion) for each locus individually. Bayesian inference was used for phylogenetic reconstruction based on multilocus alignment. The analysis was performed twice on the program MrBayes ver. 3Á2 (Ronquist and Huelsenbeck 2003) using algorithm MCMC (Markov Chain Monte Carlo) to generate phylogenetic trees with a posterior probability. Four MCMC chains were executed simultaneously with 1 9 10 7 generations. Trees were randomly sampled every 1000 generations, and 25% of them were discarded as burn-in. FigTree ver. 3Á1 software (Rambaut 2009 ) was used to edit the trees. All the sequences derived from this study were deposited at GenBank (Table 2 ) and sequence alignments were deposited at TreeBASE (http://www. treebase.org).
Intraspecific diversity
To characterize intraspecific genetic diversity, an analysis of haplotypes was performed using the sequences of the 
Means in the same column followed by the same letter are not significantly different (P ≤ 0Á05) according to the Scott-Knott test. *Inoculation of soybean seedlings by the colonized toothpick method. †Germination rate index (GRI) estimated according to Maguire (1962) .
51 studied isolates and nine sequences of C. truncatum obtained from GenBank, also used in the phylogeny. A total of 60 DNA sequences were concatenated for the three sequenced genes. Haplotype identification was performed using the program DnaSP ver. 5Á10Á1 (Librado and Rozas 2009) . For inferences about the phylogenetic relationships of the isolates, a network of haplotypes was built using the statistical parsimony method with 95% of confidence (Templeton et al. 1992 ). This analysis is based on a matrix of genetic distance between all haplotypes, connecting them pair by pair until all are connected to the network, and it was performed in the software PopART ver. 1Á7 (Leigh and Bryant 2015) using the TCS haplotype network inference (Clement et al. 2000) , where the gaps or indels were coded as missing data.
Morphological characterization
The isolates were cultivated using the slide culture technique in PDA medium as described by Cai et al. (2009) . The average sizes of 50 conidia were assessed and the presence of acervuli, setae and appressoria was examined under a light microscope (Axioskop 2; Zeiss, Jena, Germany) equipped with differential interferential contrast. The images were analysed using the software Vision 4Á9 (Zeiss).
To calculate the mycelial growth rate, mycelial discs were removed from the margins of colonies cultivated for 5 days and deposited in the centre of Petri dishes containing PDA, followed by incubation at 25°C and a photoperiod of 12 h for 7 days. Two orthogonal diameters of the colonies were measured daily, and their means were used to calculate the growth rate (mm day À1 ). The statistical design was completely randomized with four replicates per isolate. The average values were submitted to the analysis of variance (ANOVA) and compared by the Scott-Knott test with P ≤ 0Á05.
Pathogenic characterization
The pathogenic characterization was performed by inoculations of the pathogen in seedlings and seeds by colonized toothpick and water restriction methods, respectively, in a greenhouse using the soybean variety 'BMX Potência'. For seedling inoculation, colonized toothpick tips (10 mm) were inserted in the seedlings' stems at 1 cm above the cotyledonal leaves, as per the method of Scandiani et al. (2011) . Noncolonized toothpicks were used as control. To obtain the seedlings, soybean seeds were sown in 2-l pots containing autoclaved soil and kept under the greenhouse conditions. When seedlings showed the first fully expanded trifoliate leaf, they were inoculated and kept in a dew chamber for 72 h. Then, the pots were randomly arranged in the greenhouse, and the lesion extension was measured at 15 days after inoculation (DAI) with a digital paquimeter. The data were submitted to ANOVA, and the averages were compared by the ScottKnott test with P ≤ 0Á05. Four pots containing 10 seedlings each were used in the inoculation, totalling 40 inoculated seedlings per isolate. The test was conducted twice, and the data sets were subjected to ANOVA and analysed together.
For seed inoculation, seeds were surface disinfested with 1% sodium hypochlorite for 3 min and air-dried for 24 h under the laboratory conditions. Germination and sanity tests were performed according to BRASIL (2009). We used seeds with both germination and vigour >80%, free of Colletotrichum. Inoculation was performed by placing the seeds on top of the Colletotrichum colonies growing in PDA with mannitol as a water restrictor to obtain an osmotic potential of À0Á6 mol l À1 pa (Machado et al. 2001 and Costa et al. 2003) . Seeds were kept in contact with the colonies for 24 h in a BOD chamber at 25 AE 2°C in the dark. After inoculation, 50 seeds were sown in a plastic tray containing autoclaved soil, with four replications per isolate. Trays were kept randomly in the greenhouse and the evaluation was done daily after inoculation. The germination rate index (GRI) was calculated as described by Maguire (1962) . The emergence and survival rates were also determined. The data were submitted to the ANOVA and the averages were compared by the Scott-Knott test with P ≤ 0Á05. The test was conducted twice, and the data sets were subjected to ANOVA and analysed together.
Results
Phylogenetic analysis and intraspecific diversity
The phylogenetic analysis was performed based on the concatenation of DNA sequences from three amplified genomic regions: GAPDH, HIS3 and ITS-5Á8S rDNA, which resulted in a sequence alignment of 1450 characters, of which 290 were parsimony informative. The gene boundaries were 1-391 (ITS), 392-800 (HIS3) and 801-1450 (GAPDH). For Bayesian inference, evolutionary models based on AIC criterion were (K80+I+G) for GAPDH, (GTR+I+G) for HIS3 and (K80+G) for ITS. The multilocus Bayesian analysis generated a phylogenetic tree with all of the 51 studied isolates grouped in the main monophyletic clade along with reference C. truncatum sequences with high posterior probabilities values (Fig. 1) . This result showed that C. truncatum was the unique species associated with soybean anthracnose in Brazil up to 2007. However, this species was genetically variable, as revealed by subclade formation in the C. truncatum clade.
The analysis of intraspecific genetic variability revealed the presence of 24 distinct haplotypes among the 60 C. truncatum sequences investigated ( Fig. 2; Table 1 ). Three haplotypes were detected in more than one fungal isolate (H01, H08 and H22), indicating the presence of clones at distinct scales. The haplotype network generated from the combined data set revealed three distinct clades. The first clade originated from multiple geographic regions including Indonesia, India, Denmark and United States and all, except one, Brazilian-sampled states. This clade grouped the most frequent C. truncatum haplotype (H01), which was widely distributed in the collection and observed in 29 of the 60 isolates (48Á3%). They were genetically identical to C. truncatum isolates of soybeans in the United States (CBS19532 and CBS18252). Three reticulations in the network that could represent putative recombination events were identified: one among haplotypes H04, H06, H08 and an unsampled haplotype; another among haplotypes H11, H12, H13 and an unsampled haplotype, and the last one among haplotypes H12, H13, H14 and also an unsampled haplotype. The second clade was composed of haplotypes genetically similar to C. truncatum isolates of beans in Brazil and the United States (CBS71070 and CBS15135). The third clade consisted of haplotypes genetically related to C. truncatum isolates of cowpea (Vigna unguiculata, CBS50697) and sedge weed (Cyperus rotundus, CBS71170).
Morphological characterization
Morphological and pathogenic analyses were performed for isolates CMES286, CMES1034, CMES1040, CMES1059, CMES1069, CMES1075, CMES1076, CMES1080, CMES1141 and CMES1182, which are the representatives of the subclades identified in the C. truncatum phylogeny (Fig. 1 ).
Conidia were falcate, tapered towards the apex, hyaline, unicellular and aseptate, with variable dimensions, formed in the acervuli, usually produced on the top of dark brown to black stromata. Setae were observed in all studied isolates. The appressoria were single, in chains or groups, predominantly truncate, ellipsoidal or ovoid with entire or undulate edges, medium brown and smooth walled (Fig. 3) . The length and width range of conidia were 20Á54-25Á00 and 2Á95-3Á40 lm respectively (Table 2) . Isolates CMES1069 and CMES1141 showed higher conidial length, while isolates CMES286 and CMES1075 showed the lowest lengths. The width of isolate CMES1075 was the highest, differing from the others. Seven-day-old colonies were dark grey in colour with spores in an orange mucilaginous mass. Only isolate CMES1076 formed an orange-coloured colony (Fig. 4) , but no microsclerotia. Regarding the mycelial growth rate, the isolates were divided in two groups: isolates CMES1034, CMES1040, CMES1059, CMES1069 and CMES1076 with higher average growth of 8Á9-7Á4 mm day À1 and the remaining isolates with an average growth of 6Á0-6Á8 mm day À1 (Table 2) .
Pathogenic characterization
All inoculated isolates were pathogenic to the soybean seedlings, with some differences in the aggressiveness in both the inoculation methods. In the colonized toothpick method, isolates were separated into two groups based on the lesion length in the seedlings. The group represented by isolates CMES1059, CMES1075 and CMES1080 was the most aggressive and produced lesions of 8Á61-10Á05-mm length. The second group, containing the remaining isolates, was less aggressive, with lesions of 6Á46-7Á84-mm length. All isolates produced lesions of statistically higher length compared to the control plants ( Table 2 ). The seed inoculation by the water restriction method showed higher amplitude in the variables evaluated as compared to that in the toothpick method, allowing better separation of the fungal isolates according to their aggressiveness (Table 2) . Isolates CMES1075 and CMES1080 were the most aggressive for all variables evaluated, showing the lowest GRI, emergence and survival values, which corroborate the results obtained with the toothpick method. Isolates CMES1034, CMES1040 and CMES1069 were the less aggressive ones, with higher values of GRI and >80% of emergence and seedling survival. The remaining isolates were intermediate in aggressiveness.
Discussion
Formerly associated exclusively to C. truncatum, soybean anthracnose has been gradually associated with other Colletotrichum species, such as C. coccodes, C. gloeosporioides, C. destructivum, C. chlorophyti and C. incanum (Riccioni et al. 1998; Chen et al. 2006; Hang 2013; Mahmodi et al. 2013; Ramos et al. 2013; Yang et al. 2014) . In Brazil, it is assumed that the disease is associated with C. truncatum; however, studies that investigated the disease aetiology and its possible genetic variation are scarce. In this study, all 51 isolates investigated were identified as C. truncatum based on the multilocus phylogeny, showing that this was the unique species causing soybean anthracnose in the main Brazilian producing regions until 2007.
We used the concatenated nucleotide data from the HIS3, GAPDH and ITS regions to reconstruct the phylogenetic relationship of C. truncatum associated with soybean anthracnose. The identification of 24 haplotypes from among the 60 isolates studied indicated considerable intraspecific variability, with 40% genetic diversity. The distribution of haplotypes in the network provided evidence of the involvement of historical and evolutionary processes, allowing identifying ancestral haplotypes based on the frequency in the population as well as mutational connections with other haplotypes of the network. The most frequent haplotype is probably the oldest in the population, with more than one mutational connection and with an inner positioning in the network in relation to other haplotypes (Posada and Crandall 2001) . Three main clades were identified in the haplotype network. The first clade grouped the most common and widely distributed haplotype in the collection (H01), which is genetically identical to the sequences of C. truncatum isolates of soybean in the United States, and may have been the initiator of epidemics in Brazil. This haplotype is shared by 29 isolates of the pathogen originated in different geographical areas of Brazil. The wide distribution of haplotype H01 indicates the existence of a highly efficient mechanism of dispersion over long distances, reinforcing the role of seeds as the primary source of disease inoculum, similar to the pathogen of soybean foliar blight, Rhizoctonia solani (Ciampi et al. 2005) . The sharing of agricultural equipment among growers from traditional areas of soybean farming in southern Brazil to newer growing areas in the Midwest, North and Northeast could also play a role in the dispersal pattern observed. The other two clades grouped haplotypes of distinct hosts, such as beans and soybeans from Brazil (H08) as well as soybean and cowpea (H17) and sedge weed (H23). This finding, along with reports that indicate the action of weeds as inoculum sources of Colletotrichum in other pathosystems (Raid and Pennyparcher 1987; Freeman et al. 2001) , may indicate that this fact is also occurring in soybean anthracnose. Because of the obvious implications of this epidemiological hypothesis, further studies should be conducted to elucidate this aspect. Information on the levels of genetic diversity among C. truncatum populations from distinct hosts and countries could contribute to elaborate effective management strategies based on host resistance (Katoch et al., 2016) .
No correlation was observed between the geographical origin of the isolates and the spatial distribution of the haplotypes. Instead, sequences of C. truncatum from several Brazilian states and other countries were found in the three main groups of haplotypes observed in the network. Information on the geographical variation of the pathogen is essential for predicting resistance breakdown, guiding pesticide use and the development of diseaseresistant varieties (McDonald and Linde 2002) . In addition, the four haplotypes shared between C. truncatum isolates were detected in distinct areas. Infection by fungus reduces seed quality, compromising its vigour and germination, causing pre-and postemergence damage and reducing the final stand of plants and yield (Sinclair 1989) . Contaminated or infected seed is one of the most efficient means of introduction, spread and pathogen inoculum accumulation in crop areas (Neergard 1979) .
The results found in the haplotype analysis are in agreement with the multilocus analysis since the main subclades found in phylogeny matched the three main clades identified in the haplotype network. These results indicated a considerable level of genetic variability within the C. truncatum species, as observed in previous studies using molecular markers. Sharma et al. (2014) analysed a population of C. truncatum isolates of pepper of India (Capsicum sp.) and found polymorphism in all microsatellite loci analysed allowing division of pathogen population into six distinct groups. Studies using random amplified polymorphic DNA (RAPD) also allowed the separation of C. truncatum isolates from soybean into three different genetic groups (Vasconcelos et al. 1994) . Genetic variability among nine isolates of C. truncatum in soybean was verified through RAPD profiles, where formation of the three groups was observed and correlated with phenotypic variability related to nitrate utilization by the isolates (Sant'anna et al. 2010) . Other studies showed relation between the genetic variation in C. truncatum and the host. Ford et al. (2004) used RAPD markers and 18-25S rDNA sequences to separate isolates of C. truncatum from lentil and other host species. A high degree of genetic variability, revealed by microsatellite markers, was observed in 58 isolates of C. truncatum from multiple hosts, including soybean from the Himalayas, allowing grouping on the basis of their hosts of origin, except for isolates of cowpea and mungbean that grouped together (Sharma 2009 ).
The pathogenic characterization revealed high degree of variation in aggressiveness, mainly with the seed inoculation by the water restriction method. Isolates CMES1080 (H02) and CMES1075 (H10) were the most aggressive ones from among the tested isolates, showing high degree of damage to both the stems and seed germination status, suggesting that they could lead to the total loss in plant stand under field conditions. These two isolates showed differences at the molecular level, and were classified in distinct subclades according to the multilocus analysis as well as haplotypes belonging to different clades. Similarly, isolates CMES1034 (H07), CMES1040 (H11) and CMES1069 (H04) were less aggressive in the method of seed inoculation and were also grouped into distinct subclades according to the phylogeny and in the haplotype network. Isolates CMES1080 (more aggressive) and CMES1069 (less aggressive) were grouped in the same subclade in the multilocus analysis as well as in the same haplotype group. These results suggest that the genetic variation observed among the C. truncatum isolates is not linked to pathogenic variation, probably because the genomic regions analysed do not play an important role in the ability to cause diseases. Variations in the aggressiveness among isolates of C. truncatum have been described in Zambia by Mayonjo and Kapooria (2003) , who demonstrated significant differences in the isolates' ability to cause diseases in distinct soybean cultivars, suggesting differences in both the aggressiveness of isolates and in cultivar reaction.
The morphological characteristics found in this study are in accordance with the literature data for C. truncatum (Ford et al. 2004; Damm et al. 2009 ). We observed falcate, hyaline and unicellular conidia; appressoria predominantly truncate; acervuli with setae; and absence of microsclerotia. The daily mycelial growth is commonly used in the taxonomic analysis of genus Colletotrichum (Sutton 1992) and is regarded as a stable and useful feature for distinction of species such as C. acutatum and C. gloeosporioides. However, there are no reports of studies on the variability in this characteristic within the same species as obtained in the present study.
Our study provides preliminary information on three genetic groups of C. truncatum associated with anthracnose in Brazil, which exhibited morphological characteristics typical to the species, with some isolates being highly pathogenic to soybean seedlings and seeds. The isolates showed considerable variability in genetics as well as in morphology and pathogenicity, and some of them were genetically close to isolates that can infect different hosts, including weeds. Among the isolates studied, the most recently collected date back to 2007. Since then, several soybean cultivars have been introduced and, although there are no commercial cultivars resistant to anthracnose, some sources of resistance have been identified, which may offer selective pressure against the pathogen. To investigate whether new species of Colletotrichum are presently associated with the diseases in response to this selective pressure, it is necessary to study new samplings using a population approach, which has not been fully explored.
